AD  74x230 


vkjtmWsuitHt 


ARP  A  Order  No.  1579  Amend.  No.  2  Contract  No.  H0210008 

Program  Code  No.  1F10 

Contractor  -  Illinois  Institute  of  Technology 
Principal  Investigator  -  Dr.  James  W.  Dally 

Semi-annual  Technical  Report 


A  Dynamic  Photoelastic  Investigation  of 
Stress  Wave  Propagation  in  a  Half-Plane  with 
Multiple  Dilatational  Sources 

Effective  Date  of  Contract:  Dec.  28,  1970 
Contract  Expiration  Date:  Dec.  28,  1971 
Amount  of  Contract:  $25, '900 
Principal  Investigator:  J.  W;  Dally 

(301-454-2410) 

Project  Scientist:  S.  S.  Khorana 

(301-225-9600) 


Prepared  for 

U.  S.  Department  of  the  Interior 
Bureau  of  Mines 
Twin  Cities 
Minnesota 


.... _  Roproducod  bv 

NATIONAL  TECHNICAL 
INFORMATION  SERVICE 

Springfield,  Va.  JJ|5| 


August  15#  1971 


DISCLAIMER  NOTICE 


THIS  DOCUMENT  IS  THE  BEST 
QUALITY  AVAILABLE. 

COPY  FURNISHED  CONTAINED 
A  SIGNIFICANT  NUMBER  OF 
PAGES  WHICH  DO  NOT 
REPRODUCE  LEGIBLY. 


rwiaiv*  •*] 


Unclassified 

Security  Cl  nr.  si  ficnlion 


32OO.0  (Ait  1  to  Enel  l) 
Mar  7,  66 


DOCUMENT  CONTROL.  DATA  -RAD 


|  (Security  ft  as  si  Mention  of  title,  btuly  0/  nbW.'.icf  1111J  /mfexiiiij  .»iinofnf»r>/i  hr  cnhvw/  v*7ir/t  the  oven/?  l:i  c  ln:r:lfltid) 

1.  onTginaTTng  aciivitv  (Caioi'iiv  .mi'hot)  Ufl*  iicf'Oii  1  stcutmv  r.uAssir  tcA  iion 


Illinois  Institute  of  Technology 
3300  South  Federal  Street 
Chicago ,  Illino is — h.Qh.16 - 

0I1T  Tl  TLt 


Unc  lassif  iec! 


A  Dynamic  Photoelastic  Investigation  of  Stress  Wave  Propagation  in  a 
Half-Plane  with  Multiple  Dilatational  Sources 

4.  OESCRIPTI  VC  NOTES  (Type  of  report  anil  Inclusive  dutes) 

Semi-annual  Technical  Report  _  _ 


6-  AUTHOR(S)  (First  nr.inc,  middle  Initial,  last  name) 

James  W.  Dally,  S.  S.  Khorana 


«.  NEMORT  DATE 


August  15,  1971 


«A.  C  ON  TRAC  T  OH  GRANT  MO.  . 


H0210008 


fc.  PHOJIiC  T  NO. 


7».  TO  1  Au  NO.  OF  CAGES 
122 


0/1.  ORIGINATOR'S  Kt.CDHT  NUMDEC.tSI 


H02 10008  -  1 


*•  Program  Code  IF  10 
d.  Work  Unit  No.  F53118 


10.  dis  rrticiuTiON  statement 


06.  OTHER  niTUORT  MO  (SI  (Any  other  numbers  f/n»f  tuny  br  assigned 
this  report) 


Distribution  of  this  document  is  unlimited. 


I  If.  SUMPLlMENl  ARY  NOTES 


13.  AklSTFIAC  1 


It?.  SPONSORING  MILITARY  ACTIVITY 


Advanced  Research  Projects  Agency 
1400  Wilson  Boulevard 
Arlington.  Virginia  22209 _ 


A  dynamic  photoelastic  study  of  stress  waves  generated  by  multiple  dila¬ 
tational  sources  in  a  half  plane  is  described.  The  model  material  is  UR-39 
and  lead  azide  charges  arc  used  to  produce  the  dilatational  waves.  Fringe 
patterns  are  recorded  by  a  multiple  spark  gap  camera. 


Interactions  between  the  waves  before  and  after  reflection  from  the  free 
surface  are  studied.  In  the  pre-reflection  period,  the  Incident  dilate! i osinl 
wave  tails  reinforce  and  produce  important  tensile  stresses  along  the  center¬ 
line  joining  adjacent  sources.  Important  features  in  the  post -reflect inn 
phase  include  the  interaction  between  incident  and  reflected  dilatational 
waves,  the  generation  and  propagation  of  shear  waves,  interaction  between 
shear  waves  mid  final lv  the  interaction  of  the  shear  wave  with  the  cracked 
region  around  source  locations.  The  effect  of  varying  the  distance  be l ween 
sources  and  their  depth  below  the  free  surface  it.  investigated  So  some 
detail . 


DU  .Vr,.i473 


-4*4*  *  *;•*•**  •  W«t r  ,t4A**  ft*- 


Uftelsas!  Red! 

-  ...  x-ij 

I  “j 


Unclassified 

Socutity  Classification 


3200.8  (Att  1  to  Enel  l) 
Mar  7,  66 


ROLE:  l  WT  HOLE  WT  I  HOLE  I  WT 


Photoelasticity 

Multiple  dilatational  sources 

Stress  waves 

Multiple  spark  gap  camera 
Fringe  patterns 
Modeling 
Explosives 


ARPA  Order  No.  1579  Amend.  No.  2  Contract  No.  H0210008 


Program  Code  No.  1F10 

Contractor  -  Illinois  Institute  of  Technology 
Principal  Investigator  -  Dr.  James  W.  Dally 

Semi-annual  Technical  Report 


A  Dynamic  Photoelastic  Investigation  of 
Stress  Wave  Propagation  in  a  Half-Plane  with 
Multiple  Dilatational  Sources 


by  J.  W.  Dally  and  S.  S.  Khorana 


Prepared  for 

U.  S.  Department  of  the  Interior 
Bureau  of  Mines 
Twin  Cities 
Minnesota 

•)  I  -;  ; 
r. -"Ha- 


August  15,  1971 


Sponsored  by 

Advanced  Research  Projects  Agency 
ARPA  Order  No.  1579,  Amendment  No.  2 
Program  Code  No.  1F10 


This  research  was  supported  by  the 
Advanced  Research  Projects  Agency 
of  the  Department  of  Defense  and 
was  monitored  by  Bureau  of  Mines 
under  Contract  No.  H0210008 


Tlu*  views  mid  cone  1  unions  contained  in  lit  in  document  arc  those  of  the 
authors  and  should  not  he  Interpreted  as  necessarily  representing,  the 
official  policies,  either  expressed  or  implied,  of  the  Advanced  Research 
Projects  Agency  or  the  U.S.  Government. 


TABLE  OF  CONTENTS 


Page 

ABSTRACT .  v 

LIST  OF  TABLES . vii 

LIST  OF  ILLUSTRATIONS . viii 

SECTION 

I.  INTRODUCTION  .  1 

II.  EXPERIMENTAL  PROCEDURE  .  6 

Model  Material 
Model  Geometry 


High  Speed  Photographic  Recording  System 
Synchronization 

III.  PHOTOELASTIC  RESULTS:  PRE-REFLECTION  PERIOD.  .18 
Propagation  of  the  Incident  P  Wave 
Interaction  of  Two  Dilatational  Waves 
Conclusions  (Pre-reflection  period) 

IV.  PHOTOELASTIC  RESULTS:  POST-REFLECTION  PERIOD  .41 
Stress  Wave  Reflection  Due  to  a  Single  Dilata¬ 
tional  Source  in  a  Half-Plane  (h/X  a  1  and 
2). 

Stress  Wave  Reflection  Due  to  a  Pair  of  Dila¬ 
tational  Sources  in  a  Half-Plane  (h/X  s  *)• 
Stress  Wave  Reflection  Due  to  Three  Dllata- 
tational  Sources  in  a  Half-Plane  (h/X  *  2). 
Stress  Wave  Reflection  Due  t©  a  Pair  ©f  Dila¬ 
tational  Sources  in  a  Half-Plane  (h/i  -  1  • 
Stresses  Aleny  the  free  teoundary 


V.  CONCLUSIONS  AND  RECOMMENDATIONS . 104 

APPENDIX 

A.  FRINGE  PATTERNS . 109 

BIBLIOGRAPHY . 122 


ABSTRACT 


A  dynamic  photoelastic  study  of  stress  waves  generated 
by  multiple  dilatational  sources  in  a  half  plane  is  described. 
The  model  material  is  CR-39  and  lead  azide  charges  are  used 
to  produce  the  dilatational  waves.  Fringe  patterns  are  re¬ 
corded  by  a  multiple  spark  gap  camera. 

Interactions  between  the  waves  before  and  after  reflec¬ 
tion  from  the  free  surface  are  studied.  In  the  pre-reflec¬ 
tion  period,  the  incident  dilatational  wave  tails  reinforce 
and  produce  important  tensile  stresses  along  the  centerline 
joining  adjacent  sources.  Important  features  in  the  post¬ 
reflection  phase  include  the  interaction  between  incident 
and  reflected  dilatational  waves,  the  generation  and  propa¬ 
gation  of  shear  waves,  interaction  between  shear  waves  and 
finally  the  interaction  of  the  shear  wave  with  the  cracked 
region  around  source  locations.  The  effect  of  varying  the 
distance  between  sources  and  their  depth  below  the  free 
surface  is  investigated  in  some  detail.  Recommendations 
are  made  to  extend  this  type  of  study  to  cover  the  inter¬ 
action  between  the  stress  waves  and  the  moving  cracks  by 
utilizing  highly  brittle  birefringent  models. 
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nate  wave  length  A  of  the  stress  pulse,  so  that  the  general¬ 
ized  plane  stress  approximation  is  valid.  Also,  the  thick¬ 
ness  must  be  large  enough  to  provide  an  adequate  photoelastic 
response.  Finally,  the  lateral  dimensions  of  the  model  are 
made  large  enough  to  eliminate  reflections  from  non-essen¬ 
tial  boundaries  during  the  period  of  observation. 

The  free  surface  of  the  half-plane  was  made  by  rout¬ 
ing  one  edge  of  the  model.  The  explosive  was  packed  in 
5/16  in.  diameter  holes  drilled  through  the  thickness  of 
the  CR-39  plate.  The  diameter  was  selected  to  give  suffic¬ 
ient  volume  to  tightly  pack  one  bridge  wire  and  200  mg. 
of  lead  azide.  The  distance  from  the  hole  center  to  the 
free  boundary  was  h ,  the  distance  between  the  hole  was  S 
and  the  width  of  the  leading  stress  pulse  was  half  the  domi¬ 
nate  wave  length  1/2.  Values  of  h  selected  were  2  and  4 
while  S  was  varied  between  2  and  10  inches.  The  dominate 
wave  length  produced  by  the  explosive  charge  was  about  >.  =  2 
inches.  A  rectangular  grid  was  scribed  on  the  model  on  one 
inch  centers. 

The  load  azide  explosive  charge  was  200  mg.  for  each 
source.  This  quantity  was  sufficient  to  produce  a  signifi¬ 
cant  fracture  zone  about  the  hole  in  the  CR-39  model  and  to 
generate  a  symmetrical  outgoing  dilatational  wave.  The 
explosive  was  ignited  with  a  bridge  wire  (0.001  inches  in 
diameter  -  1/8  in.  long  of  constantnn)  which  was  energized 
with  a  5000  VDC  -  62  joule  firing  pulse. 


When  detonating  multiple  charges,  where  it  is  import¬ 


ant  to  obtain  simultaneous  ignition,  it  is  necessary  to 
match  the  resistance  of  the  bridge  wires  to  the  third  sig¬ 
nificant  figure.  If  this  matching  is  accomplished,  the 
two  charges  can  be  detonated  with  less  than  one  microsecond 
delay  time  between  charges.  The  jitter  time  between  acti¬ 
vating  the  firing  circuit  and  detonating  the  charges  ranges 
from  about  2  to  5  p  sec.  The  jitter  time  is  minimized  by 
reducing  the  bridge  wire  resistance  which  in  turn  increases 
the  power  dissipated  across  the  wire. 

2.3.  The  High  Speed  Photographic  Recording  System 

In  this  phase  of  the  investigation,  a  multiple  spark 
gap  camera12,5'  2'6,  2'7]  was  used  to  record  the  dynamic 
photoelastic  fringe  patterns  produced  in  the  half-plane 
models.  This  camera  shown  in  Fig.  2.4  is  capable  of  16 
frames  and  can  be  operated  at  framing  rates  which  can  be 
varied  in  discrete  steps  from  30,000  to  800,000  frames/sec. 
The  resolution  of  the  camera  is  a  function  of  the  fringe 
gradient  and  fringe  velocity.  Experiments  indicate  that 
gradients  of  20  fringes/in.  with  velocities  of  75,000  in./ 
sec.  represent  the  upper  limit  of  the  camera's  resolution 
capability . 

The  optical  system  of  the  camera  which  is  illustrated 
schematically  in  Fig.  2.5  performs  three  basic  functions: 
polarization,  image  separation  and  magnification.  The 
optical  elements  include  a  field  lens  (18  in.  diameter  with 


Fig.  2J*  Multiple  Spark  Gap  Cascra 
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Fig.  l.iA  Friftg®  Patterns  illustrating  Interaction 


of  P  Waves  (frames  1,  2  anti  a) 


Fig.  3.3U  Fringe  Patterns  illustrating  Interaction  of  P  Waves 
(frames  4,  5,  and  6) 


fringe  maxima  which  can  bo  observed  in  frame  2  in  the  central 
region  between  the  sources.  Later  in  frame  3,  four  fringe 
maxima  are  observed  along  lines  making  an  angle  of  15  degrees 
to  the  vertical  centerline  between  charges.  The  top  two  of 
these  four  fringe  peaks  move  toward  the  free  boundary  of  the 
half-plane  in  frames  4,  5  and  6  shown  in  Fig.  3.3B  and  arc 
the  predominate  feature  during  this  interval  prior  to  the 
reflection  from  the  free  boundary. 

The  first  reinforcement  along  the  line  joining  the  two 
sources  occurs  when  the  two  leading  pulses  of  the  P  waves 
precisely  overlap.  The  resultant  stress  is  obtained  by  a 
direct  superposition  of  the  principal  stresses  along  the 
centerline.  This  simple  algebraic  addition  of  the  stresses 
is  possible  because  the  direction  of  the  principal  stresses 
in  both  the  P  waves  coincide  and  remain  constant  for  all 
points  on  the  centerline.  The  fringe  order  at  any  point  on 
the  line  connecting  the  two  charges  is  obtained  by  direct 
addition  following  the  procedure  outlined  in  Fig.  3.4. 

A  fringe  pattern  representing  the  maximum  reinforce¬ 
ment  by  superposition  of  the  two  P  waves  is  shown  in  Fig. 
3.5.  A  maximum  fringe  order  of  about  11  is  observed  at 
point,  0,  the  center  between  the  sources.  As  indicated  pre¬ 
viously  in  Fig.  3.4,  this  peak  results  from  an  addition  of 
the  5.5  order  fringes  (maxima)  associated  with  each  of  the 
two  P  waves.  The  absolute  maxima  along  the  centerline 
will  occur  only  when  the  maximum  fringe  orders  associated 
with  each  of  the  two  P  waves  are  tangent  to  each  other. 


Fig.  3*5  Reinforcement  of  Fringe  Patterns  along  the  Centerline. 

(  h=2  in.  s=4  in.  ) 
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The  high  stress  at  point  0  due  to  F  wave  reliifere©- 
ntent  decays  very  rapidly  as  the  waves  cross  each  ether.  This 
decay  is  illustrated  very  clearly  in  frames  2  and  3  of  Fig. 

3.3,  .  Curves  of  fringe  order  as  a  function  of  position  along 
the  centerline  for  the  model  with  h  «  4  in  and  &  *  4  in.  are 
shown  in  Fig.  3.6.  The  curves  in  the  center  of  the  figure 
in  the  neighborhood  of  point  0  represent  the  F  wav©  re* 
inforccmcnt.  The  wave  forms  on  the  left  and  right  shew  the 
propagation  and  attenuation  of  P  waves  away  from  the 
sources;  however,  it  is  the  center  region  which  is  of 
primary  interest.  The  dynamics  of  the  reinforcement  process 
are  clearly  presented  by  these  curves.  The  two  waves  are 
approaching  each  other  at  t  h  28  ii  sec  with  their  leading 
edges  interacting.  The  maximum  reinforcement  is  observed 
at  t  =  36  m  see  where  a  fringe  order  of  eight  was  ebserved. 
This  is  somewhat  lower  than  the  absolute  maximum  of  nine 
which  occurred  at  t  =  34  u  sec.  As  the  waves  propagate 
through  each  other,  the  maximum  fringe  order  decays  very 
rapidly.  Between  t  =  36  and  46  u  sec,  the  fringe  maxima 
at  point  0  attenuates  from  8  to  2.5  fringes.  Finally  at 
t  m  64  y  sec,  only  0.5  order  fringes  remain  and  the  region 
between  the  sources  is  of  low  stress. 

The  second  peak  which  is  formed  at  point  0  at  t  *  46 
y  sec  is  more  important  than  the  maximum  fringe  order  of  2.5 
would  seem  to  indicate.  This  peak  is  produced  when  the  trail¬ 
ing  portion  of  the  two  P  waves  reinforce  each  other.  Thus, 
the  state  of  stress  associated  with  this  second  peak  is  bi- 
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tension  and  as  such  it  pay  be  lipifkiiiit  in  produc¬ 
ing  fractur©  in  tit©  mm  between  tit©  charges. 

Similar  results  are  presented  for  tit©  model  with  It  *  2 
attsi  @  *  4  in.  in  Pig.  J.f.  Again  tit©  very  rapid  Italic  p 
t@  a  high  compressive  peak  Cat  t  *  M  t*  secj  of  afegnt  1©.S 
frinfss  is  followed  by  a  Fapid  decay  and  tit©  formation  of 
tit©  second  peak  at  41  w  sec. 

Increasing  t*t®  distance  between  tit©  sources  decreases 
tit©  fringe  order  maxiaia  along  tit®  centerline.  this  decrease 
®ccyrs  because  the  stress  waves  travel  a  larger  distance 
before  interaction  ©scars  ami  the  stresses  associated  with 
©aclt  P  wav©  attenuate.  A  cursory  study  ©f  the  fringe 
patterns  ref  h  M  in.  and  $3-4,  6,  «  and  1®  in  the  appen¬ 
dix  illustrates  lit©  decrease  In  IS^  alette  tit©  connecting 
line  as  site  distance  between  the  tw©  sources  is  increased. 

Tn©  fringe  order  at  point  0,  the  center-point  between 
sources  is  shewn  as  a  function  «f  tine  in  Pig.  l.i  f©r  sev¬ 
eral  different  models.  It  is  apparent  that  the  state  ©f 
stress  champs  very  rapidly  fora  a  high-level  compression 
peak  t©  a  lower  level  tensile  peak,  the  magnitude  ©f  MJ{wg 
in  the  compressive  peak  decreases  appreciably  as  y  is  in¬ 
creased  from  4  to  1®  in.  regardless  ©f  the  value  ©f  h.  file 
magnitude  ©f  a*--  dialed  with  the  trailing  tensile  peak 
als©  diminishes?  however,  the  relative  decrease  ©f  the  ten¬ 
sile  maximum  is  less  than  that  in  the  compressive  maximum. 

this  discussion  demonstrates  that  high  stresses  occur 
along  the  connecting  line  due  t©  reinf©rcenent  ©f  the  lead- 
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Ing  puis©  ifid  iite  first  trailing  pals#  in  the  P  wav#. 

Hites#  high  stresses  ©ecur  ever  a  very  short  tine  interval 
treatise  the  P  waves  cross  each  ether  at  very  high  velocity. 
It  was  concluded  that  varying  the  depth  @f  charge  h  had 
no  effect  m  the  magnitude  ©f  the  maximum  stress  at  point  © 
provided  that  the  influence  of  free  boundary  reflection  was 
net  significant.  Increasing  &  decreased  the  maximum  fringe 
order  as  a  result  of  P  wave  attenuation  before  interaction. 

^ext*  consider  the  Interaction  of  the  two  incident  P 
waves  which  takes  place  in  regions  removed  front  the  center- 
point.  After  the  two  p  waves  have  erased*  four  fringe 
peaks  are  famed  along  straight  lines  which  wane  an  angle 
S  5  10  to  20  degrees  with  the  vertical  center-line  (gee  Pig. 
l.JAi  frame  31.  the  formation  of  these  maxima  result  from 
a  superposition  of  the  leading  compressive  pulse  of  one  P 
wave  with  the  tensile  tail  of  the  set  end  P  wave,  this 
type  of  reinforcement  increases  the  difference  in  tite  two 
principal  stresses  fa^  -  which  in  turn  results  in  a 
higher  fringe  order. 

Curves  showing  tite  fringe  order  as  a  function  of  posi¬ 
tion  along  a  line  u  which  passes  through  one  of  the  peaks 
are  presented  in  Pig.  3.9.  These  results  show  two  domi¬ 
nant  maxima  for  each  frame.  The  leading  peak  is  associated 
with  the  leading  pulse  of  the  incident  P  wave  and  the 
second  and  largest  peak  is  due  to  the  Interaction  of  the 
two  P  waves.  Both  of  these  peaks  decay  as  the  waves  move 
into  the  field  during  the  progress  of  the  dynamic  event. 
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s  is  increased*  the  principal  stress  difference 
al<smg  the  H  Ills#  decreases.  Fringe  orders  m  a  function  c»ff 
pssitien  H  for  a  model  with  s  *  6  if*,  is  given  in 

Fig.  1.1©.  The  n»KA»eun  along  ^  was  first  observed 

st  t  *  I)  &  see.  Its  maKinuni  amplitude  was  "inly  £.%  fringes 
as  e«mpared  m  1.1  fringes  f@r  the  mode  1  with  $  *  €  in. 
liareover*  the  peafc  stress  occurs  at  larger  values  ©f  n 
(closer  to  the  free  boundary!  with  increasing  £  because 
the  waves  travel  a  greater  distance  he fere  the  interaction 
begins,  this  increased  distance  between  the  sources  changes 
the  position  of  the  n  line  from*  1  *  !5>  decrees  with  fi  *  4 
in.  to  8  *  1©  decrees  with  §  »  6  in. 

the  reinforcement  along  the  «i  line  essentially  in¬ 
volves  the  combination  of  two  low-level  pulses  when  £  »  i 
in.  the  photoeiastic  fringe  pattern  for  h  *  4,  s  *  i  In. 
presented  in  Fig.  3.11  shews  peafes  of  about  88  *  2*  however, 
it  occurs  after  the  reflection  from  the  free  boundary  be¬ 
comes  the  dominate  portion  of  the  dynamic  process,  the  effect 
of  £  on  is  presented  in  rig.  3.12  where  the  fringe 
order  is  shown  as  a  function  of  time  for  models  with  h  e  4 
in.  (constant]!  and  S  *  2,  4,  6  amt  8  In.  these  results 
clearly  indicate  the  attenuation  in  as  £  is  increased. 

When  h  is  decreased  to  2  in.,  three  effects  can  occur 
depending  »y@n  the  relative  values  of  h  and  S.  First 
when  S/h  >  2.5  to  3  the  incident  wave  has  attenuated  so  much 
that  the  pulse  formed  by  reinforcement  is  still  small  in 
magnitude.  Second,  when  S/h  *  2,  fringe  maxima  do  occur  but 


3*11  Fringe  Patterns  Illustrating  Low-Level  Reinforcement  when  S/\' 
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these  peaks  are  strongly  influenced  by  the  reflected  PP 
wave.  This  type  of  reinforcement  is  illustrated  in  Fig. 

3.13  (freme  4)  and  the  effect  of  the  reflected  PS  wave  is 
apparent  in  frame  5.  Finally,  when  S  =  h  =  A,  the  reinforce¬ 
ment  along  n  becomes  insignificant  compared  to  the  high 
stresses  produced  along  the  connecting  line. 

3.3.  Conclusions  (Pre-reflection  period). 

The  experimental  data  presented  here  clearly  shows  that 
the  reinforcement  due  to  the  interaction  of  the  incident  P 
waves  from  the  sources  is  significant.  Reinforcement  occurs 
at  the  centerpoint  of  the  line  connecting  the  two  sources 
and  also  along  the  r\  line  which  makes  an  angle  $  =  10  to 
15  degrees  to  the  vertical  center-line. 

The  magnitude  of  the  stresses  in  these  regions  of  rein¬ 
forcement  depends  on  the  relative  values  of  h,  S  and  A*. 
Along  the  connecting  line,  decreasing  S/A  increases  the 
maximum  principal  stress  difference  while  varying  h/A  has 
no  effect  providing  h  >_  A .  The  magnitude  of  the  angle  <t> 
which  defines  the  n  line  decreases  with  increasing  S/A 
approaching  zero  as  S/A  >  5.  Decreasing  S/A  increases  the 
principal  stress  diffsrence  along  ri .  Decreasing  h/A  also 
increases  the  principal  stress  difference  along  n  since 
the  reflected  PP  and  PS  waves  enter  into  the  interaction 
and  enhance  the  reinforcement  near  the  boundary. 

*  A  is  the  predominate  wave  length  in  the  incident  P  wave 
(taken  as  2  inches) . 
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Fig.  3»13  Fringe  Patterns  Indicating  Influence  of  Free  Boundary  Reflections 
on  Fringe  Peaks  along  the  ff  Line. 


IV.  PHOTOELASTIC  RESULTS:  POST- REFLECT ION  PERIOD 

This  section  covers  a  detailed  analysis  of  the  post  re¬ 
flection  behavior  of  the  interaction  of  dilatational  waves 
with  the  free  surface  of  a  half-plane.  The  analysis  first 
treats  the  reflection  from  a  single  dilatational  source  and 
then  the  more  complex  reflection  phenomenon  from  multiple 
sources  is  examined.  Attention  is  focused  on  the  geometric 
parameters  h/A  and  S/A  to  establish  their  effect  on  the 
stresses  produced  near  the  boundary.  Interactions  between 
the  incident  dilatational  P  waves,  the  reflected  dila¬ 
tational  PP  waves  and  reflected  shear  PS  waves  are  closely 
examined  to  show  reinforcement  conditions  which  increase 
the  stresses  near  the  boundary.  The  results  shown  enhance 
the  understanding  of  the  stress  wave  reflection  process 
which  significantly  affects  the  rock  removal  and  fragmenta¬ 
tion  so  important  in  the  operating  economies  of  open-pit 
mining. 

4,1.  Stress  Wave  Reflection  Due  to  a  Single  Dilatational 
Source  in  a  Half-Plane  (h/A  =  1  and  2) 

An  outgoing  P  wave  with  a  cylindrical  front  interacts 
with  a  straight  boundary  to  produce  reflected  dilatational 
wave  PP  and  a  shear  wave  PS.  This  analysis  is  intended  to 
show  the  interaction  between  the  incident  P  and  the  re¬ 
flected  PP  waves  and  the  characteristics  of  the  PS  wave. 

The  data  established  in  the  study  of  the  reflection  patterns 
produced  from  a  single  source,  will  serve  as  a  basis  for  ex¬ 
tending  the  investigation  to  the  more  complex  topic  of  post- 
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ro flection  behavior  of  stress  waves  produced  by  multiple 
sources  in  the  half-plane. 

The  first  aspect  of  the  reflection  process  involving 
the  incident  P  wave  is  the  development  of  the  reflected 
PP  wave.  Typical  photoelastic  pattorns  which  represent  the 
early  portion  of  the  reflection  process  are  shown  in  Fig.  4.1 
for  a  model  with  h/A  ■  2.  Those  patterns  show  a  very  rapid 
change  in  the  stress  distribution  near  the  boundary.  The 
leading  pulse  in  the  PP  wave  and  the  first  trailing  pulse 
in  the  incident  P  wave  both  arc  both  tensile:  thus,  they 
reinforce  each  other  to  produce  a  region  of  high  tensile 
stress. 

The  beginning  of  the  reflection  process  is  shown  in 
frame  3  of  Fig.  4.1  where  the  fringes  are  nearly  tangent  to 
the  free  boundary.  Here  a  maximum  fringe  order  of  2.5  rep¬ 
resenting  the  biaxial  compressive  stress  in  the  leading 
pulse  of  the  P  wave  can  be  observed  approximately  0.4  in. 
from  the  boundary.  Shortly  after  (13  u  sec)  the  fringe  peak 
(N  =  3)  illustrated  in  frame  5  occurs  at  about  the  same  dis¬ 
tance  from  the  boundary.  However,  due  to  the  reflection 
process  the  sign  of  the  stresses  are  reversed  and  this  fringe 
peak  represents  a  state  of  biaxial  tension. 

The  fringe  order  as  a  function  of  position  along  the 
center  line  of  the  model  is  given  in  Fig.  4.2  over  the  time 
interval  from  40  £  t  £  88.  The  wave  forms  are  shown  coming 
into  the  boundary  for  t  <  58  u  sec  and  outgoing  from  the 
boundary  for  t  >  58  p  sec.  The  conversion  from  a  compressive 


Fig.  h,l  Early  Interval  in  the  Deflection  of  an  Incident  P  Wave 
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to  a  tensile  state  of  stress  is  indicate!!  ,as  well  as  the 
rapid  establishment  of  the  post  reflection  tensile  peak 
near  the  boundary.  It  is  noted  that  the  numbers  in  paren¬ 
theses  are  normalized  by  dividing  the  actual  time  by  the  time 
required  for  the  incident  P  wave  to  reach  the  boundary 
(53  m  sec). 

Reinforcement  of  the  P  and  PP  waves  occurs  for  only 
a  short  interval  since  the  two  waves  cross  each  other  at  a 
high  speed  and  their  pulse  length  is  short.  Hence,  the  ten¬ 
sile  stress  region  not  only  moves  away  from  the  boundary  but 
also  attenuates  rapidly.  Both  of  these  effects  are  illus¬ 
trated  in  frames  7  and  9  of  Pig.  4.3.  It  is  clear  that  scabb¬ 
ing  failure  of  a  brittle  material  should  initiate  in  the 
time  of  the  build-up  to  a  tensile  peak  between  67  <  t  <  71  u 
sec. at  a  location  of  approximately  1/4  from  the  boundary. 

The  region  of  high  tensile  stress  is  relatively  local  as  it 
is  confined  to  the  central  area  about  one  inch  to  either  side 
of  the  center-lino. 

When  h/X  is  decreased  from  2  to  1,  the  reinforcement  of 
the  P  and  PP  waves  is  effected  in  three  ways.  First,  the 
fringe  peaks  due  to  the  reinforcement  are  much  higher  since 
the  incident  P  wave  has  not  attenuated  to  the  degree  noted 
with  h/X  =  2.  Second,  the  attenuation  of  these  fringe  maxima 
is  negligible  for  a  relatively  long  time  interval  (45  to  55 
y  sec).  Finally,  fringe  maxima  of  significant  magnitude 
t4  s  4.5  occur  over  a  region  well  below  the  boundary  extending 

as  deep  as  X/2. 


Fig.  4.3  Mid-interval  in  the  Reflection  of  an  Incident  P  Wave 


m 


PIO.  4  4  FRINOE  ORDER  At  A  FUNCTION  OF  POSITION  At  ONG 
VERTICAL  TMROUSM  SOURCE  (tl/X*  I,  •  /X'O) 
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As  the  P  wave  interacts  with  the  boundary  it  generates 
a  shear  wave  PS  at  all  angles  of  incidence  except  the  normal. 
Along  the  normal  direction  no  reflected  shear  wave  is  pro¬ 
duced  and  the  P  wave  in  effect  reflects,  reversing  its 
sign.  Consequently,  the  vertical  lino  above  the  source  can 
only  be  influenced  by  P  and  PP  interactions. 

An  example  of  the  fringe  patterns  associated  with  the 
PS  wave  observed  in  a  dynamic  photoelastic  experiment  is 
illustrated  in  Fig.  4.5.  The  separation  of  individual  values 
of  the  principal  stresses  associated  with  this  reflected 
shear  wave  can  be  accomplished  directly  from  these  isochro- 
matic  fringe  patterns.  Since  the  shear  wave  is  equivoluminal, 
the  first  stress  invariant  must  vanish  and  a  state  of  pure 
shear  exists  and  as  indicated  previously  in  Section  3.1 
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The  biaxial  state  of  stress  where  the  principal  stresses  arc 
equal  and  opposite  in  sign  is  then  in  direct  proportion  to 
the  fringe  order.  Although,  regions  containing  the  PS  wave 
also  contain  tails  of  the  P  and  PP  waves  the  effect  of 
these  tails  is  small  and  Eq.  2  can  be  used  to  closely  approxi¬ 
mate  the  stresses. 

The  sequence  of  fringe  patterns  presented  in  Fig.  4.5 
indicate  the  importance  of  the  reflected  shear  wave  in  this 
dynamic  event.  High  fringe  orders  and,  hence,  high  tensile 
stresses  exist  along  the  wave.  These  stresses  attenuate  much 


Fig.  4.5  Fringe  Patterns  Representing  the  Reflected  Shear(PS)  Wave. 
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more  slowly  with  respect  to  both  time  and  position  than  those 
corresponding  to  the  P  and  PP  wave  interaction.  The  region 
effected  by  these  stresses  is  much  larger  than  the  compar¬ 
able  region  effected  by  the  P  and  PP  wave  reinforcement. 

Results  from  the  model  with  h/A  =  1  showing  the  fringe 
order  as  a  function  of  position  x  along  a  line  drawn  parallel 
to  the  free  boundary  are  given  in  Figs.  4.6  and  4.7.  The 
data  in  Fig.  4.6  is  for  a  depth  d  of  0.3  in.  and  the  data 
in  Fig.  4.7  is  for  a  depth  d  of  1  in.  Comparison  of  these 
results  show  that  the  stresses  in  the  reflected  PS  wave  are 
higher  at  the  d  =  0.3  in  depth  than  at  the  d  =  1  in.  depth. 

In  both  cases,  the  maxima  decreases  as  the  PS  waves  propa¬ 
gate  into  the  field  with  the  rate  of  decay  being  more  abrupt 
for  d  =  0.3. 

Similar  results  for  the  model  with  h/A  =  2  and  d  =  0.3 
in.  are  presented  in  Fig.  4.8.  The  increased  distance  of  the 
charge  from  the  boundary  has  resulted  in  a  pronounced  decrease 
in  the  magnitude  of  the  maxima  fringe  orders.  However,  the 
rate  of  decay  of  the  fringe  peaks  with  respect  to  the  position 
parameter  x  is  less  with  h  =  2  inches. 

Another  form  of  presentation  of  the  data  associated  with 
the  PS  wave  is  given  in  Fig.  4.9  where  the  fringe  order  N 
is  shown  as  a  function  of  the  position  parameter  k.  Here  < 
is  measured  along  a  straight  line  drawn  through  the  fringe 
maxima  for  the  PS  wave.  As  the  PS  wave  is  nearly  planar  in 
the  region  near  the  boundary,  the  k  axis  is  approximately 
parallel  to  the  wave  front.  The  results  of  Fig.  4.9  more 
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clearly  demonstrate  the  influence  of  the  depth  of  the  charge 
h  in  decreasing  the  fringe  order.  Also  it  should  be  noted 
that  fringe  order  decreases  with  k  at  smaller  values  of  k 
for  h/A  =  1  than  for  h/A  =  2. 

4.2.  Stress  Wave  Reflection  Due  to  a  Pair  of  Dilatational 
Sources  in  a  Half-Plane  (h/A  -  2) 

When  two  sources  generate  dilatational  waves  in  a  half¬ 
plane,  important  interactions  occur  between  the  reflected 
and  incident  waves.  For  models  with  h/A  =  1,  the  predominate 
interaction  is  between  the  two  reflected  PS  waves,  whereas 
with  h/A  =  2  the  PP  and  P  interactions  are  the  most  sig¬ 
nificant  provided  s/A  <  2.  For  instance  with  s/A  >  2  both 
the  PS  -  PS  interactions  and  the  PP  -  PP  interactions  are 
equally  important. 

First,  consider  the  experiments  where  h/A  was  maintained 
constant  at  2  and  s/A  was  varied  from  1  to  5.  The  behavior 
of  the  interacting  stress  waves  depended  strongly  on  the  s/A 
parameter.  For  s/A  =  1  the  two  sources  are  close  together 
and  the  two  incident  P  waves  interact  before  reaching  the 
boundary.  This  pre-reflection  interaction  is  demonstrated 
with  a  select  group  of  fringe  patterns  shown  in  Fig.  4.10A 
(frames  3  and  4) .  Upon  reflection  a  high  tensile  stress 
develops  along  the  vertical  centerline  near  the  boundary. 

This  subsurface  tensile  peak  is  shown  in  frame  7  of  Fig. 

4.10B  and  it  is  also  illustrated  in  Fig.  4.11  where  the 
fringe  order  distribution  is  given  as  a  function  of  position 
along  the  centerline.  The  reinforced  P  wave  exhibits  a 


Fig.  4.10A  Pre-Reflection  Reinforcement  of  the  Incident 
P  Wave. 
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Fig.  4.10B  Post-Reflection  Reinforcement. 
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peak  fringe  order  of  4  just  prior  to  reflection  and  after 
reflection  this  is  magnified  to  6.5  at  a  depth  A/4  below  the 
boundary.  A  relatively  high  stress  occurs  at  this  location 
below  the  boundary  over  a  lateral  distance  of  about  2S.  As 
is  evident  in  frame  7  of  Fig.  4.10,N  >3.5  for  a  distance  of 
4  inches  along  a  .line  parallel  to  the  boundary  at  a  depth 
d  =  0.5  in.  below  the  boundary. 

As  the  event  progresses  the  dynamic  behavior  is  repre¬ 
sented  by  the  fringe  patterns  in  Fig.  4.12.  As  shown  in 
frames  8  and  9  the  fringe  maxima  is  beginning  to  attenuate 
and  to  move  down  the  vertical  centerline.  Later  (frame  11) , 
the  stresses  due  to  the  reflection  of  the  reinforced  P 
wave  become  less  significant  and  the  shear  wave  becomes  pre¬ 
dominate.  The  attenuation  of  the  reflected  pulse  is  illus¬ 
trated  in  Fig.  4.11  where  the  decay  of  the  fringe  maxima  is 
obvious  as  the  wave  propagates  back  into  the  model. 

As  the  two  sources  are  moved  apart  and  S/A  >_  2  the  re¬ 
flection  behavior  is  markedly  different  and  the  reflected 
PP  wave  is  considerably  less  significant.  Fringe  patterns 
(frame  4)  of  Fig.  4.13A  show  that  the  two  P  waves  are  re¬ 
inforcing  each  other  at  the  same  time  as  the  reflection  proc¬ 
ess  is  under  way.  Examination  of  frame  7  shows  the  forma¬ 
tion  of  two  fringe  order  maxima  above  the  sources  about  0.4 
in.  from  the  boundary.  These  peaks  correspond  to  tensile 
stresses  which  are  produced  by  a  PP  wave  and  a  P  tail 
reinforcement  as  previously  discussed. 

Four  y  sec.  later, in  frame  8,  it  is  clear  that  the  large 


Fig.  4,12  Final  Stages  of  the  Reflection  of  the  Reinforced 
P  Waves  with  S/\  -1. 


Fig,  4.13A  Reflection  Behavior  for  the  Model  with  h/\  =2  and  s/\  =2 


62 


fringe  peaks  have  divided  in  two  peaks  associated  with  each 
of  two  sources.  One  peak  moves  towards  the  centerline  be¬ 
tween  the  two  sources  and  the  other  moves  away.  Actually 
these  peaks  are  primarily  due  to  the  shear  wave  PS  which  is 
being  generated  during  the  reflection  process.  The  peaks 
near  the  vertical  centerline  are  larger  in  magnitude  be¬ 
cause  the  PS  wave  from  the  right  hand  source  is  being  re¬ 
inforced  by  the  incident  P  wave  from  the  left  hand  source. 
Maximum  reinforcement  appears  to  occur  in  frame  9  of  Fig. 
4.13B  when  the  two  PS  waves,  two  PP  waves  and  the  tails  of 
the  two  P  waves  simultaneously  oocupy  the  region  on  the 
centerline  a  distance  d  =  0.4  in.  below  the  boundary. 

This  reinforcement  is  extremely  short  in  duration  as 
the  six  waves  move  out  of  coincidence.  The  rapid  attenua¬ 
tion  of  the  fringe  maxima  occuring  along  the  centerline  is 
evident  in  the  fringe  patterns  of  Fig.  4.14  where  frames 
10,  11  and  12  are  shown.  The  reflected  shear  waves  cross 
each  other  in  frame  12  and  continue  to  produce  high  stresses 
in  the  region  below  the  free  boundary  off  of  the  center-line. 

To  obtain  a  better  understanding  of  the  stress  varia¬ 
tion  in  this  region,  curves  of  fringe  order  as  a  function  of 
position  x  along  a  line  parallel  to  the  boundary  at  a  depth 
d  =  0.3  in.  are  presented  in  Fig.  4.15.  In  the  early  time 
interval  of  the  post- ref lection  period  for  69  £  t  £  77  y  sec, 
higher  fringe  peaks  are  clearly  evident  between  the  sources 
as  compared  to  the  regions  removed  from  the  sources.  Later 
the  shear  waves  cross  and  the  same  order  fringe  peaks  are 
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Fig.  4.13B  Reflection  Behavior  for  the  Model  with  h/A  =2  and  s/\  =2 


Fig,  4,l4  Rapid  Attenuation  of  the  Fringe  Maxima  along  the  Centerline. 
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observed  on  both  sides  of  each  source.  Finally  the  curve 
for  t  =  106  m  sec. is  comparable  in  magnitude  to  the  curve 
for  80  y  sec. showing  clearly  that  attenuation  of  the  PS 
wave  in  this  region  is  quite  small. 

Examination  of  Fig.  4.14  also  shows  another  pair  of 
fringe  peaks  1  to  2  inches  below  the  boundary  just  outside 
the  two  vertical  lines  passing  through  the  sources.  The  for¬ 
mation  of  the  peak  on  the  right  is  due  to  the  reinforcement 
provided  by  the  combination  of  the  incident  PR  wave  (sub¬ 
scripts  L  &  R  refer  to  the  left  and  right  hand  sources)  with 
the  reflected  PSD  wave.  Similarly  the  formation  of  the  peak 
on  the  left  is  due  to  the  interaction  of  the  PR  and  PSL  waves. 

The  dynamic  event  proceeds  in  a  similar  fashion  when 
S/A  is  increased  from  2  to  3,  4  and  5.  The  stresses  near 
the  boundary  are  primarily  due  to  the  PS  wave  and  as  such 
attenuation  is  relatively  small  as  S/A  is  increased.  The 
value  of  NM7V  regardless  of  time  of  its  occurrence  in  the 
scabbing  zone  near  the  boundary  is  shown  as  a  function  of 
position  x  for  values  of  S/A  =  1  to  5  in  Fig.  4.16.  Here 
it  is  evident  that  spacing  parameter  S/A  =  1  produces  the 
maximum  response  due  to  the  reinforcement  of  the  incident 
P  wave  before  the  initiation  of  the  reflection  process. 

The  increase  of  S/A  to  values  higher  than  one  results  in  a 
modest  decrease  in  Nj^  with  the  most  significant  drop  occurr¬ 
ing  as  S/A  increases  from  one  to  two.  The  decrease  in 
is  quite  small  as  S/A  goes  from  two  to  five.  This  attenua¬ 
tion  is  illustrated  by  the  curve  in  Fig.  4.16  labelled  NMAX 
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at  the  source  location. 

4.3.  Stress  Wave  Reflection  Due  to  Three  Dilatational 
Sources  in  a  Half-Plane  (h/A  =  2) . 

The  observations  made  previously  for  the  two  source 
model  were  verified  by  conducting  one  experiment  with  a 
three  source  model.  In  this  instance,,  the  model  was  fabri¬ 
cated  with  S/A  =  1.  With  three  sources  the  end  effects  are 
eliminated  and  the  region  between  the  left  and  right  hand 
sources  is  representative  of  any  region  along  a  line  of 
many  sources  with  the  same  S/A  spacing. 

Examples  of  the  fringe  patterns  are  shown  in  Fig.  4.17 
and  4.18.  In  frame  3,  the  reinforcement  of  the  incident  P 
waves  of  all  three  sources  is  clearly  evident.  Indeed  the 
front  of  the  P  wave  is  nearly  planar  and  parallel  to  the 
boundary  for  a  distance  of  about  six  inches.  In  frame  8, 
early  in  the  reflection  process,  two  subsurface  maxima  with 
N  =  6.5  are  formed.  These  peaks  are  due  to  the  reflection 
of  the  combined  P  waves  and  represent  superposition  of 
PPT  ,  PP^,  PP„  waves  with  the  tails  of  PT ,  P„  and  P„  waves. 
These  two  peaks  move  together  to  form  a  ridge  with  N  =  5 
in  frame  9.  The  ridge  lengthens  and  attenuates  in  magnitude 
as  it  propagates  back  into  the  model  in  frame  10.  It  is 
clear  that  the  ridge  depicted  in  frame  10  more  than  spans 
the  distance  2S  covered  by  the  three  charges.  Thus,  the 
scabbing  type  fracture  in  brittle  materials  should  be  com¬ 
plete  and  at  a  reasonably  uniform  depth  below  the  surface. 

Graphs  showing  the  fringe  order  at  a  depth  d  below 
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the  free  surface  are  presented  in  Fig.  4.19.  The  depth  d 
was  selected  so  that  the  position  axis  x  would  pass  through 
the  maximum  fringe  order.  All  of  the  features  described 
above  are  indicated  on  this  figure.  The  very  high  tensile 
stresses  produced  by  the  predominately  P,  PP  wave  inter¬ 
actions  should  be  quite  effective  in  inducing  scabbing. 

The  effect  of  the  PS  wave  in  this  model  is  much  less 
significant.  In  the  early  event  the  P,  PP  wave  interaction 
is  so  dominant  that  the  PS  wave  is  difficult  to  observe 
although  it  does  enter  in  the  reinforcement  process  des¬ 
cribed  earlier.  Later  in  the  event ( f ram®  12  and  16) after 
the  passage  of  the  PP  wave  from  the  critical  area  near  the 
boundary, the  PS  wave  can  be  observed.  In  the  center  region 
of  the  model, no  significant  reinforcements  of  the  PS  waves 
are  noted.  At  the  end  of  the  event  the  three  PS  waves  have 
all  separated  and  are  propagating  out  of  the  field  of  view 
without  interaction. 

4.4.  Stress  Wave  Reflection  Due  to  a  Pair  of  Dilatational 
Sources  in  a  Half-Plane  (h/X  =  1) 

The  post  reflection  behavior  of  stress  waves  becomes 
extremely  involved  when  the  sources  are  brought  closer  to 
the  free  boundary.  Quantitative  interpretations  are  espe¬ 
cially  difficult  when  the  distance  S  between  the  sources  is 
small.  Also,  when  the  distances  h  and  S  are  both  small, the 
stresses  are  quite  high  producing  large  fringe  gradients 
and  a  loss  of  resolution  in  the  dynamic  recording. 

An  example  of  the  early  portion  of  the  reflection  process 
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is  illustrated  in  Fig.  4.20A  and  B  where  frames  6,  9,  10  and 
11  are  shown.  Fringe  maxima  with  N  =  7  can  be  observed  above 
each  source  in  frame  9.  The  peak  above  the  right  hand  source 
results  from  the  superposition  of  the  incident  pulse, 
the  PPR  reflected  pulse,  the  tail  of  the  PR  wave  and  prob¬ 
ably  the  PSR  wave.  A  similar  reinforcement  occurs  over  the 
left  hand  source. 

The  extremely  rapid  changes  in  the  stress  patterns 
occur  during  the  period  40  <  t  <  46  between  the  exposure 
of  frame  9  and  frame  11.  In  frame  10,  a  very  high  fringe 
ridge  (N  =  7)  lies  over  the  region  between  the  two  sources. 
This  development  is  a  continuation  of  the  reflection  process 
just  described  where  the  P  waves  are  predominate  and  where 
the  shear  waves  play  a  more  minor  role. 

Three  y  sec. later  in  frame  11,  the  reflected  shear  waves 
and  reflected  dilatation  waves  are  both  important.  The  two 
fringe  peaks  N  =  7  over  the  sources  are  due  primarily  to  PP 
wave  reinforcement  of  the  PR  and  PR  vv  ves.  Other  fringe 
maxima  at  the  extremes  are  due  to  the  shear  waves  PS  (N  =  6) 
reinforcing  the  tails  of  the  incident  P  waves.  The  inter¬ 
action  of  the  PSL  and  PSR  waves  in  the  center  yields  a  fringe 
maximum  of  N  =  7  on  the  centerline  at  d  =  0.3  in. 

The  later  portion  of  the  reflection  process  is  shown 
in  Fig.  4.21  where  frames  12,  14  and  16  are  presented.  The 
fringe  maxima  N  =  7.5  over  the  sources  are  still  evident  in 
frame  12  and  remains  very  strong  relative  to  other  regions 
in  the  model.  The  fringe  peak  on  the  centerline  due  to  the 


Fig.  4.20B  Early  Portion  of  the  Reflection  Process  with 
h/X  =  s/X  =  1  (frames  10  and  11) 


if  eiUrdaucH 


4.21  Late  Portion  of  the  Reflection  Process  with  h/X 
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combination  of  the  PSL  and  PSR  has  moved  down  and  attenuated 
to  some  degree  with  N  =  6.  At  the  extremes, the  PS  wave  and 
the  tail  of  the  P  wave  combine  to  give  another  pair  of  fringe 
maxima  with  N  =  6.5.  Later  in  event,  frame  16,  the  reinforce¬ 
ment  of  PS^  and  PS^  continues  with  modest  attenuation  and 
a  fringe  peak  of  N  =  4  occurs  on  the  centerline  at  d  =  0.5 
in.  The  peaks  which  were  previously  over  the  sources  have 
moved  laterally  and  down  in  the  field  and  have  attenuated 
so  much  that  they  are  no  longer  a  primary  concern.  At  the 
extremes  the  PS  and  P  wave  interaction  still  provides  a 
high  concentration  of  stress  along  ridge  lines  which  extend 
approximately  one  inch  below  the  boundary. 

Curves  showing  the  fringe  order  as  a  function  of  posi¬ 
tion  x  along  a  line  parallel  to  the  free  boundary  are  pre¬ 
sented  in  Fig.  4.22.  The  x  axis  was  positioned  at  variable 
depths  d  so  that  the  axis  would  intersect  the  fringe  maxima. 
Two  observations  from  Fig.  4.22  are  apparent.  First,  fringe 
peaks  between  6.5  and  7.5  fringes  occur  between  40  <_  t  49 
y  sec  at  depths  which  range  from  0.3  to  0.7  in.  Second,  the 
fringe  peaks  decay  rapidly  at  the  larger  values  of  x  for 
time  t  >  49  y  sec.  It  should  be  noted  that  stresses  at  the 
centerline  were  higher  than  shown  here  early  in  the  event 
at  t  =  43  y  sec  when  the  PP  wave  was  dominant.  This  fact 
will  be  indicated  in  a  subsequent  discussion.  It  is  apparent 
that  stresses  of  significant  magnitude  exist  between  the 
sources  for  at  least  10  y  sec  and  should  facilitate  the 
scabbing  process  for  depths  ranging  from  d  -  0.3  to  0.9  inches. 
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It  is  also  important  to  note  the  strategic  position¬ 
ing  of  the  fringe  peak  produced  by  the  PSR  wave  interact¬ 
ing  with  the  tail  of  the  PL  wave.  Reference  to  frame  12 
of  Fig.  4.21  shows  that  this  fringe  peak  and  the  ridge  of 
the  PS„  wave  join  along  a. straight  line  between  the  bound- 
ary  and  the  left  hand  source.  This  long  line  of  high  stress 
provides  a  path  along  which  cracks  initiated  at  the  source 
can  propagate  to  the  boundary. 

The  stress  variation  along  the  shear  wave  of  one  source 
(say  the  PSR)  is  complicated  by  the  interaction  of  the  PSR 
and  PD  waves.  As  a  consequence,  the  trends  are  difficult 
to  observe;  however,  it  is  possible  to  show  the  nature  of 
the  PS  wave  by  showing  the  fringe  order  as  a  function  of 
position  along  its  ridge  line.  The  same  geometry  was  ex¬ 
amined  (h/A  =  S/A  =  lj  but  in  a  different  test  that  utilized 
slower  framing  rates  to  scan  a  larger  range  of  the  dynamic 
event. 

The  fringe  order  as  a  function  of  position  along  the 
straight  line  C  is  shown  in  Fig.  4.23.  The  line  ?  is  in¬ 
clined  at  an  angle  approximately  20  degrees  to  the  boundary 
so  that  it  passes  through  the  fringe  peaks  in  the  PSR  wave. 

The  largest  fringe  peak  N  =  8  at  t  =  45  y  sec  is  due  to  the 
reinforcement  provided  by  the  PR  wave.  As  this  reinforce¬ 
ment  occurs  for  only  a  short  interval  of  time,  the  predomi¬ 
nate  peak  vanishes  and  subsequent  fringe  maxima  are  due  pri¬ 
marily  to  PSL  wave  alone. 

The  interaction  of  the  PSL  and  PSR  waves  above  the  sources 


DISTANCE  ALONG  C  <!"•> 

(h/X«  I,  * / X-  I  ) 


FIG.  4-23  DISTRIBUTION  OF  THE  FRINGE  ORDER  ALONG 
THE  RIDGE  LINE  OF  A  PS  WAVE. 
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was  extremely  complex.  Fringe  maxima  occurred  on  the  verti¬ 
cal  centerline  where  these  two  waves  cross.  The  general 
features  of  this  interaction  is  depicted  in  Figs.  4.20  and 
4.21;  however,  the  dynamic  resolution  of  the  fringe  pattern 
is  not  sufficient  to  permit  the  accurate  determination  of 
the  fringe  order  distributions  along  the  centerlines.  It 
is  evident  that  very  large  stress  exist  in  the  region  close 
to  the  boundary  early  in  the  event.  These  stresses  on  a  rela¬ 
tive  scale  should  be  sufficiently  large  to  fracture  the  rock 
in  the  central  region  near  the  vertical  centerline. 

For  other  models  with  h/X  =  1  but  with  S/X  >  1,  the  re¬ 
flected  shear  waves  are  of  increasing  importance.  As  illus¬ 
trated  in  Fig.  4.24,  the  PST  and  PS^  waves  interact  at  the 
vertical  centerline  to  produce  a  fringe  maxima  on  the  bound¬ 
ary  N  =  5.5  and  another  maxima  below  the  boundary  N  =  5.5 
at  d  =  0.5  in.  Later  in  the  event  (see  frame  16)  the  PS^ 
wave  interacts  with  the  cracks  propagating  from  the  R  source 
and  vice  versa.  Obviously,  these  late  event  interactions  of 
the  relatively  low  velocity  shear  wave  with  the  cracks  ex¬ 
tending  from  the  sources  are  of  extreme  importance  in  improv¬ 
ing  the  efficiency  of  the  detonation  process  for  rock  re¬ 
moval. 

Very  high  stress  gradients  are  developed  as  the  shear 
waves  PST  and  PS„  intersect  along  the  vertical  centerline. 
However,  the  magnitude  of  the  maximum  fringe  order  along  the 
centerline  is  not  amplified  by  the  interaction.  A  compari¬ 
son  of  maximum  fringe  orders  at  the  centerline  with  the  maxi- 


Fig.  4.24  Interacting  Shear  tfavea  with  h/A  ■  1  and  a/A  *  2 
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m|im  fringe  orders  in  the  individual  PSL  and  PSR  waves  shown 
in  Table  III  indicates  that  all  three  peaks  are  about  the 
same. 

Table  III.  Comparison  of  Maximum  Fringe  Orders  in  the  PST , 

L 


PS^and  the  Combined 

PSL  +  PSR  Waves 

(for  h/A  =  1 

,  S/A  =  2) 

Time  (t)  , 

Depth (d) 

nmax 

ysec 

in. 

PSL 

PSR 

PSL  +  PSR 

55 

0.28 

5.5 

5.5 

5.5 

60 

0.44 

5.5 

5.5 

5.5 

64 

0.64 

5.3 

5.3 

5.0 

68 

0.85 

4.5 

4.5 

4.3 

72 

0.95 

4.5 

4.5 

4.5 

75 

1.10 

4.5 

4.5 

4.3 

The  minor 

variations 

in  are  not 

important  as 

they  result 

from  random  fluctuations  produced  by  the  stresses  in  the 
tails  of  the  P  and  PP  waves. 


The  maximum  stresses  are  not  produced  by  the  inter¬ 
action  of  the  PSL  and  the  PSR  at  the  vertical  centerline. 
Instead,  the  PL,  PR,  PPR,  PP^  and  PSR  all  combine  to  produce 
a  fringe  maxima  (N  =  10)  just  to  the  right  of  the  vertical 
centerline  a  distance  d  *  0.25  in.  below  tho  free  boundary. 
This  fringe  maxima  and  a  similar  one  just  to  the  left  of 
the  vertical  centerline  is  shown  in  frame  5  of  Fig.  4.25. 
These  fringe  peaks  attenuate  quickly  because  the  five  waves 
which  combine  to  produce  them  do  not  stay  combined,  foote 
that  from  frame  5  to  6  the  fringe  maxima  decreased  from  10 
to  7.5  in  the  5  »  see. interval .  After  another  9  b  see* 
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( fr'ams  8)  ,  the  P  and  PP  waves  have  moved  out  of  the  region 
of  interest  and  the  central  region  contains  five  peaks  and 
four  valleys  indicating  the  final  phase  of  the  interaction. 

As  the  reflected  shear  waves  move  down  in  the  field, 
the  PS^  wave  approaches  the  R  source  and  vice  versa.  The 
interference  of  the  reflected  shear  waves  with  the  fracture 
zone  about  the  charges  is  illustrated  in  Fig.  4.26.  The 
shear  stresses  are  relatively  high  to  the  left  and  right 
sides  of  both  sources,  but  even  higher  in  the  center  zone 
between  the  sources  (see  frame  15).  If  the  material  between 
the  charges  has  not  been  completely  f ractured , these  PS  waves 
containing  a  tensile  component  of  stress  should  aid  sig¬ 
nificantly  in  extending  the  crack  fronts  and  in  completing 
the  fracture  of  the  face  along  the  line  of  charges. 

For  models  with  larger  values  of  S/A  (greater  than  2), 
the  distribution  of  the  stresses  is  quite  similar  except  that 
the  PS^  and  PSR  waves  intersect  each  other  after  a  longer 
period  of  time.  As  shown  in  Fig.  4.27  (frame  11)  the  P,  PP 
and  PS  interaction  is  still  quite  strong  with  N  »  6.5  at  a 
distance  d  «  0.8  in.  below  the  boundary.  Latci  in  the  event 
the  coincidence  of  the  P,  PP  and  PS  waves  is  lost  and  the 
familar  multipeak  and  valley  pattern  is  formed  in  the  central 
region  as  illustrated  in  Fig.  4.28. 

The  fringe  order  distribution  along  the  vertical  center- 
line  for  the  model  with  S/1  *  3  is  shown  in  Fig.  4.29.  The 
maximum  on  the  free  boundary  at  t  *  59  u  see  results  from  the 
P#  PP  and  PS  wave  interaction  and  reinforcement.  The  suhse- 


rig.  4.26  m  Wave  interaction  with  the  Sources 


rig.  4*21  Interaction  of  PSL  arid  PSR  Waves 
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quent  peaks  at  t  -  71  and  90  y  sec  are  due  to  the  intersec¬ 
tion  of  the  PSL  and  PSR  waves. 

To  compare  the  stresses  produced  as  a  result  of  the 
(PSL  an<3  PSR)  and  the  (P,  PP,  ps)  interactions  with  the 
stresses  which  occur  in  a  non-interacting  PS  wave,  fringe 
orders  were  determined  along  the  ?  and  n  axes  defined  in  Fig. 
4.30.  The  ;  axis  coincides  with  the  ridge  line  through  the 
PS  wave  and  the  n  axis  coincides  with  the  ridge  line  through 
the  interacting  PS  waves.  A  casual  inspection  of  these 
fringe  distributions  shows  an  enhancement  of  the  stresses 
due  to  the  interaction.  The  interacting  stress  waves  ex¬ 
hibit  fringe  orders  which  are  up  to  60  per  cent  higher.  Also, 
the  increase  in  the  fringe  order  extends  along  the  wave  front 
for  a  distance  of  three  inches. 

Along  the  n  axis  ,the  peak  at  the  boundary  occurring  at 
t  =  59  y  sec  is  due  to  P,  PP  and  PS  interaction.  The  pre¬ 
dominate  peak  at  t  =  67  y  sec  is  a  result  of  the  PST  and  P,. 
reinforcement  and  the  secondary  peak  (N  =  4.5  at  n  =  0.75  in) 
occurs  due  to  the  PS^  and  PSR  interaction.  As  the  event  pro¬ 
ceeds,  the  peak  due  to  the  P  and  PS  interaction  attenuates 
and  the  PS^  and  PSR  reinforcement  predominates  at  t  =  79  y 
sec. 

Unlike  the  sharp  variations  in  fringe  order  distribution 
along  n,  the  distribution  along  c  is  much  more  constant  with 
rcspoct  to  time  and  position.  The  maximum  fringe  order  varied 
only  by  1/2  over  the  time  interval  from  59  to  71  u  sec. 

Three  models  with  h/X  *  1  were  evaluated  with  B/X  =  1, 
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2  and  3.  The  maximum  fringe  order  as  a  function  of  position 
x  between  the  two  sources  is  shown  in  Fig.  4.31.  These  dis¬ 
tributions  for  the  three  models  were  established  using  differ¬ 
ent  times  and  different  locations  d  for  each  point.  It 
is  evident  that  NJJAX  drops  sharply  as  x  increases  for  all 
three  cases.  The  stresses  at  the  centerline  (x  =  0)  are  the 
highest  with  S/X  =  1;  however,  the  reduction  due  to  increas¬ 
ing  S/X  to  2  is  quite  modest.  The  dashed  curve  for  over 

the  source  indicates  the  lower  bound  for  the  three  cases  and 
indicates  the  maximum  reduction  in  fringe  order  that  occurs 
due  to  increasing  S/X. 

4.5.  Stresses  Along  the  Free  Boundary 

The  stresses  which  occur  at  the  free  boundary  are  tan¬ 
gent  to  that  boundary  and  will  produce  a  fracture  which  will 
aid  in  fragmenting  the  scab  which  is  removed  from  the  face 
of  the  bench.  Of  critical  importance  in  the  analysis  of  the 
boundary  is  the  sign  of  the  stresses.  The  tensile  strength 
of  rock  is  much  lower  than  its  compressive  strength  and  thus 
the  tensile  stresses  on  the  boundary  determine  the  degree  of 
fragmentation . 

Consider  first  a  single  dilatational  source  in  a  half 
plane  with  h/X  =  1.  The  fringe  patterns  for  the  model  were 
shown  previously  in  Fig.  3.1  and  in  the  Appendix.  The  bound¬ 
ary  stresses  obtained  from  this  data  are  shown  in  Fig.  4.32. 
It  is  evident  that  the  leading  pulse  which  moves  out  along 
the  boundary  is  compressive  with  a  maximum  amplitude  which 
decreases  from  4.5  to  2.5  fringes.  The  leading  pulse  is 
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followed  by  a  tensile  tail  which  varios  from  2.5  to  2.0 
fringes.  The  significance  of  this  tensilo  tail  which  should 
fracture  the  rock  is  increased  by  tho  fact  that  it  is  reason¬ 
ably  high  and  that  it  attenuates  slowly  with  distance.  For 
instance,  tho  maximum  tensile  stress  at  t  *  55  11  see.  was 
1100  psi  compared  to  a  compressive  stress  of  1980  psi  in 
the  leading  tensile  pulse.  Later,  at  t  *  107  its  see.  the 
compressive  stress  has  decayed  to  1100  psi  while  the  tensile 
stress  attenuated  more  modestly  to  a  level  ©f  800  psi.  It 
should  bo  emphasized  here  that  the  attenuation  of  the  stress 
waves  is  not  too  significant  in  actual  mining  applications. 

Once  the  rock  has  fragmented,  some  of  the  energy  in  the 
stress  wave  is  dissipated  and  ether  energy  Is  trapped  in 
the  fragment  so  that  the  actual  attenuation  rate  will  to 

much  higher  than  indicated  here. 

When  h/i  is  Increased,  the  magnitude  of  the  limitary 

stresses  decreases  appreciably.  Results  for  the  stresses 

along  the  boundary  ©f  the  model  with  h/i  5  2  are  shewn  In 

Fig.  4.33.  the  esanimuM  tensile  stress  for  the  m®#©!  witn 

h/i  *  2  is  ©nly  550  psi  compared  to  1100  psi  for  h/*  *  !• 

Thus,  it  is  clear  that  the  boundary  stresses  are  strongly 

influenced  by  h/l  and  increased  fragmentation  shtulJ  mmf 

as  the  explosive  charges  are  m@ved  closer  to  the  bench  face** 

With  double  charges,  tw©  regions  of  tensile  stress  occur 

on  each  side  of  the  vertical  centerline  at  mf  instant  after 

the  PSj.  and  interaction  has  occurred,  The  stress  dis* 

tributien  along  the  free  boundary  resulting  ftm  tm  screes 

with  h/i  *  1  attH  8/A  *  l  is  shewn  In  Pig.  4, 14,  Its  this 
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npiiif  ph@t<g@li*ii@ityo  'She  primary  cofltrlilwU&)  ef  the 


of  the  €<§»pie*  stress  mm  i*ter«M?ti@«*  fe#f®r@,  dyrifto  mm 
sifter  the  MfiialGN  proem*  ihe  Information  obtained  in 
the  form  of  f#i!-fl#§d  frist*  paiter&i  permltied  sites*  dl*- 
triootions  to  tee  tstrsol  IshoJ  m.  dlsemo  tine*  drains  the 
dyneol®  swot*  these  remits  i*  torts  provide  <a  foandiitSoii 
for  farther  feseorcii  oorh  ©tpli^los  %o#y  ferittl#  ptattoelootlc 
nodels  whet#  the  intofootien  ottwee&  ptopaastinp  «r«€*s  mm 
sires*  wmm  ®m  fee  osamtnedo 

i®  this  io^esiisfitioh#  several  iMOf&gtftons  netwoeo 
sires*.  vwm  m&t  mn.4ni  tdtioh  *re>  important  oe«t§*i#  the?y  pro* 
doofe  id#  lemsii#  sires*,  field  that  oto  essemisi  in  cncfc  re* 
ffovoi  Mi  mtsk  fr*jffle«t.siie^  m  m*Um  mining  ffef&iiess* 

§69  the  sre*#ef  ieeti^*  rhMvf  tt*ei@r#  the  sites*  mm  rosshe* 
to#  free  loiftift ^)f »  t#s>  i»e#ttuw&t  intefaetiess  set#  obiotiod* 
ftw  first  in  the  mm.%$  reel eo  of  the  Si®*  joining 

th#  t#e  SSOHBSS  #ftt*a  ifte  toil*  fieasl |#f  #'f  the  see  inegS® 
sunt  on  Istsi  .iosnl  we*e*  a  a  Md  toioftt®*5  ##®h  stntt*  these 
stresses,  ore  stowtikciiHL  sad  an  brittle  flunoraois  mm  initiate 
^tOftfOdiOKAfi  vtactore  mm*m  tie  sooremso  'She  seem®  ante** 
ittioi  offered  #t.  fsv^r  points  in  the  field  shea  the  Sms* 
i$$  pmm  hfc  ftotpf®isio»f  emfned  oath  the  toil 
Itossas®*  m  tooatJoHS  the  MpRtbi$#  €sae«tdtieM  pro* 
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duced  a  high  shear  stress.  The.se  stresses  should  enhance 
the  fragmentation  process. 


In  the  post  reflection  phase*  three  different  stress 
wav©  interactions  produced  reinforcements  near  the  boundary 
which  were  of  considerable  importance.  These  include:  1) 
the  leading  poise  in  the  IP  wave  with  the  trailing  pulse  in 
the  P  wave*  2)  the  I’j  wave,  the  PP?J  wave  and  the  P®K  wave 
and  3|  the  P®^  ami  Pf§^  waves.  The  relative  importance  of 
these  Interactions  depends  ®n  the  spacing  ©f  the  charges. 
Indicated  fey  the  parameters  h/i  and  S/&*  as  discussed  ex* 
tensively  In  iection  4*  two  additional  observe  t  ions  *  both 
of  which  ©ccur  very  late  in  the  pest*  reflect  ten  period  de¬ 
serve  mention*  first,  the  PS  wave  moves  into  the  shattered 


r eg  Sen  around  the  sources  producing  sufficiently  high  stresses 
t<®  reinitiate  the  radial  eraets  existing  in  this  c@ne. 


Second#  the  wave  resulting  frem*  the  PSj  ami  combination 
neves  «M.wn  the  vertical  center  line  into  the  region  between 
the  charges  and  should  have  a  stress  field  sufficient  t@ 
complete  the  fracture  initiated  previously  fey  the  reaction 


and  tensile  tails* 


w  uses  i 


its  are  ®f  utmost  I  i.  pittance  in  mining 
foefc  removal  and  rods  fragmentation*  hath  ©f 


these  factors  must  fee  considered  in  selecting  the  optimum* 
geometry  @f  charge  placement*  Although  this  study  decs  n©t 
permit  conclusions  t©  fee  drawn  for  placement  ©f  two  charges 
in  tm»i0  suggestions  can  fee  mm  for  further  nodal  studies 
where  more  brittle  materials  ai^  used  t©  fabricate  the  nsdels* 
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Clearly,  the  greatest  amount  of  rock  can  be  removed 
at  a  minimum  cost  by  increasing  h/A  and  S/A  to  their  maxi¬ 
mum  possible  value  consistent  with  a  complete  fracture  along 
the  charge  line.  The  degree  of  fragmentation  which  occurs 
depends  strongly  upon  h/A  and  to  a  lesser  degree  on  S/A. 

The  fragmentation  results  from  scabbing  failure,  surface 
induced  cracks  due  to  tensile  boundary  stresses  and  the 
radial  cracks  emanating  from  the  sources. 

Fracture  between  the  bore  holes  along  the  charge  line 
is  produced  by  three  different  occurences  at  throe  different 
times  during  the  dynamic  event.  First,  the  tensile  tail 
of  the  incident  F  wave  initiates  radial  cracks  from  the 
bore  hole.  Second,  the  reinforcement  of  the  tensile  tails 
in  the  P»  and  I*  waves  produce  bi-directional  cracking  at 
the  center  region  between  the  charges.  Finally,  the  com¬ 
bined  PS,  and  PSU  waves  move  between  the  sources  and  ulti- 
mately  complete  the  extension  of  the  fracture  between  the 
sources.  The  P^  and  PK  interaction  is  independent  of  h/A 
but  strongly  dependent  on  S/L  On  the  other  hand  the  PS^ 
and  H£k  interaction  is  strongly  dependent  on  h/A  and  only 
modestly  influenced  by  S/A.  Thus  it  appears  that  further 
*t«d@l  studies  directed  toward  establishing  the  most  suit- 
abie  parameters  for  rock  removal  should  start  with  h/A  *  2 
and  S/A  *  4.  badger  values  of  S/A  may  be  feasible  in  re- 
itoving  rock  fr©*s)  the  face,  but  uniformity  in  fragmenta¬ 
tion  of  the  product  will  be  probably  lost  with  S/A  »  4. 
Preliminary  experiments  with  brittle  {materials  (i.e.,  a 
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high  ratio  of  compressive  to  tensile  strength)  may  show 
little  fragmentation,  which  will  require  reducing  h/X  to 
say  1.5. 

It  is  recommended  that  further  investigation  of  this 
problem  be  conducted  with  a  model  material  which  is  both 
brittle  and  birefringent.  The  birefringence  will  permit 
dynamic  photoelasticity  to  be  employed  to  investigate  the 
stress  wave  propagation.  The  brittle  model  material  will 
result  in  the  development  of  fracture  zones  in  regions  of 
high  tensile  stresses.  The  growth  of  the  fracture  zones 
will  be  recorded  simultaneously  with  the  dynamic  photo- 
clastic  patterns.  As  cracks  develop  in  the  model,  these 
cracks  present  now  boundaries  to  the  stress  waves  and 
markedly  affect  the  stress  distributions  in  the  later  por¬ 
tion  of  the  dynamic  event. 

Preliminary  experiments  conducted  using  plate  glass 
indicate  that  it  should  serve  quite  well  as  a  model  material 
which  is  birefringent  and  brittle.  Once  optimization  in 
terms  of  maximum  material  removal  and  uniform  fragmentation 
has  been  accomplished  on  glass,  model  studies  on  various 
rocks  should  be  conducted  to  establish  the  validity  of  these 
results. 

It  is  noted  that  another  scries  of  experiments  is 
currently  being  conducted  by  this  research  group  where  the 
stress  wave  is  generated  by  a  line  load.  The  information 
obtained  from  this  study  will  be  combined  with  the  results 
of  the  investigation  rccommondei.  above  to  obtain  practical 
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recommendations  for  optimising  rock  reisoval  and  fragmenta¬ 
tion  by  means  of  explosives. 
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